I. INTRODUCTION
R ADIO frequency (RF) energy harvesting and wireless power transfer are receiving special attention due to the increasing need for autonomous devices to implement concepts such as the Internet of Things (IoT), machine-to-machine communications, and the Internet of Everything (IoE) [1] . In this context the design of efficient and self-sustained devices is of key importance and the use of energy harvesting solutions has been investigated to achieve this autonomy [2] . Among the different types of energy harvesting solutions, electromagnetic energy harvesting, where the energy from existing electromagnetic signals in the environment is collected and transformed to dc power, has received a lot of attention [3] .
Rectenna elements collect RF signals and transform them to dc power using a certain rectifying element, such as Schottky diodes [4] , [5] . Since ambient electromagnetic energy is available in low levels, the design of efficient energy harvesters that can harvest simultaneously the ambient energy from different frequency bands is desirable to achieve enough harvested dc power. Multiband and broadband rectenna circuits have already been proposed in the literature [6] - [13] . Electromagnetic energy harvesters are usually optimized for specific operating conditions, including frequency of operation, input power level and fixed output load. However, the available electromagnetic energy is not a constant value and depends on the surrounding environment conditions, such as the propagation environment. A variation in the available input power level at the rectenna results in a variation of the input impedance of the nonlinear rectifying device and thus a deviation from the nominal operating conditions. This causes degradation of the rectifier performance due to the impedance mismatch and thus, the harvested power level is reduced.
The output of the rectenna is usually connected to a varying load, such as dc-dc converter or regulator circuit. The load variation due to the time varying operating conditions of the circuitry also results in an input impedance change in the rectifying device and thus, in degraded performance. According to [14] , maximum RF-dc conversion efficiency is achieved for a specific selection of output resistance value, while the optimum load varies versus frequency.
In order to reduce the sensitivity of the rectifier circuits versus load and input power variations, novel circuits have been recently proposed in the literature [15] namely resistance compression networks (RCNs). These networks achieve small variations in the input impedance of the rectifier circuit under large variations of input power levels and output load values.
Various implementations of resistance compression networks have been presented in the literature depending on the application scenario and the operating frequency. RCNs have been implemented using lumped element components and transmission line implementations [15] - [20] . These networks have been successfully applied for the design of dc-dc converters, harmonically terminated rectifiers and outphasing energy recovery amplifier systems [15] - [20] .
So far, resistance compression networks operating at a single frequency have been proposed in the literature. Here we propose the design of a dual-band resistance compression network based rectifier with reduced sensitivity to input impedance and output load variations. The design of multiband and/or broadband resistance compression networks is of great importance for plenty of applications, including energy harvesting and power electronic circuits. The design of multiband and broadband rectennas with reduced sensitivity to the surrounding environment conditions is an even more challenging task for increasing the harvested power level in energy harvesters. The concept of dual-band resistance compression networks based rectifiers has been introduced in [21] , where preliminary results of this work have been presented. In this work, two RCN topologies are introduced and their behavior is presented in detail. An analytical equation about the input impedance of the rectifying device is mathematically derived to show the dependence of the input impedance of the diode to the input RF amplitude and output dc voltage. A performance comparison between two rectifier topologies based on different RCNs is made, where it is shown that improved performance is achieved by cascading two unit cells at each branch of the RCN based rectifier. A detailed analysis of the rectifier design is also presented with an adequate set of measurements showing that the proposed rectifier shows a good RF-dc conversion efficiency with minimized sensitivity to input power and load variations.
The outline of this work is as follows. In Section II, the properties of the dual-band resistance compression networks are described. Section III presents some design considerations for the design of the proposed topology along with the performance evaluation of the RCN based rectifier in comparison with a conventional envelope detector rectifier. In Section IV, the fabricated 915 MHz/2.45 GHz RCN based rectifier experimental results are presented showing reduced sensitivity to input power and load variations. Finally, the conclusions of the proposed work are presented.
II. DUAL-BAND RESISTANCE COMPRESSION NETWORK (RCN) THEORY
A resistance compression network is a matching network that reduces the sensitivity of electronic circuits, such as rectifiers, to variations in the input power level and in the output load. In this Section, the operating principles of the dual-band resistance compression networks are presented.
The basic structure of a resistance compression network consists of two branches that exhibit opposite phase response of the input impedance ( and respectively) at the operating frequency ( ) as Fig. 1(a) illustrates. In this topology, the input impedance of the network ( ) suffers small variations under large variations of the real load values.
Taking into account the operating principles of an RCN, dual-band and in general multiband RCN should similarly exhibit opposite phase response at an arbitrary set of frequencies, as Fig. 1(b) depicts for the dual-band case. A way to achieve the necessary phase conditions can be the use of unit circuit cells consisting of series and shunt LC network [ Fig. 2(a) ] [22] . The unit cell shown in this figure can be used as a dual-band matching network operating at an arbitrary set of frequencies ( and ). In particular, at the low operating frequency ( ), the discrete elements and tend to be open and short, respectively. In the same way, and tend to be short and open at the high operating frequency ( ).
The unit cell shown in Fig. 2 (a) exhibits a negative phase response ( ) at the low operating frequency ( ) and a positive phase response ( ) at the higher frequency ( ). A simple manner to obtain the opposite phase response in the two branches is to use the same unit network but mirror it by reversing the input and output ports [ at the low frequency and at the high frequency . A dual-band resistance compression effect can be achieved by placing the conventional and reversed unit cells into the two branches of the RCN, as Fig. 3 depicts (topology RCN1).
As it has been previously described, dual-band resistance compression can be achieved by using a single unit cell at each branch of the resistance compression network topology (RCN1 in Fig. 3) . A resistance compression can also be achieved by cascading identical unit cells at each branch of the network, as shown in Fig. 4 . The structure of Fig. 4 will be referred to as RCN2. Such a structure offers more degrees of freedom in defining the resistance compression properties.
The input impedance ( ) of the networks shown in Figs. 3 and 4 can be derived by using the equivalent model in Fig. 5(b) of the unit cell of Fig. 5(a) , where the series elements are represented by an impedance and the parallel elements by an admittance . Then, the dual-band RCN of the topology RCN1 (Fig. 3) can be represented as a combination of impedances and admittances as Fig. 5(a) illustrates. The same applies for the topology of RCN2 (Fig. 4) . The impedance and admittance of a unit cell are given by (1) and (2), respectively [22] (1)
Straightforward calculations result in the estimation of the input impedance of such networks. For instance, the of the RCN1 topology is given by (3) as a combination of , and (3) In order to demonstrate the properties of the proposed topologies (RCN1 and RCN2) two networks have been designed to have dual-band operation at 915 MHz and 2.45 GHz. The compression ratio of the input impedance is defined as the ratio between the largest and smallest values of and is compared with the ratio between the largest and smallest values of the corresponding variations, as it is shown in Figs. 6 and 7. The compression behavior of the topologies RCN1 and RCN2 are depicted in Figs. 6 and 7, respectively. The magnitude of the input impedance of the networks ( ) is plotted versus the output load ( ) for both operating frequencies. Figs. 6 and 7 also show the percentage of the delivered power from the 50 source to the input of the rectifier circuit showing explicitly how the matching is affected for each value. The values of the elements used to obtain the compression characteristics of the RCN topologies are shown in Table I .
The compression of the RCN1 topology (Fig. 3) is shown in Fig. 6 . For an range from 24.2 to 242 (a ratio of 10:1 around the central compression point), the varies from 73 to 127 (a ratio of 1.74:1) at 915 MHz. In the same way, a 10:1 variation of (from 21.2 to 212 ) results in 1.74:1 variation of (66.7 to 116 ) at 2.45 GHz. Thus, the same compression ratio is achieved for both frequencies around the center compression point.
The compression characteristics of the RCN2 topology are shown in Fig. 7 . The center value of the compression curve of RCN2 at 915 MHz (2.45 GHz) corresponds to the values of and ( and ). A 10:1 variation of values (from 60 to 600 ) is compressed to 1.74:1 ratio (from 32.2 to 56 ) at at 915 MHz. Finally, the same compression ratios are achieved for a variation of from 57 to 570 (a ratio of 1:10) to the compressed variation of from 31 to 54 (1:1.74) at 2.45 GHz.
III. DUAL-BAND RCN BASED RECTIFIER

A. Design Considerations for the Dual-Band RCN Based Rectifier Topology
In rectifier circuits, output load and input power level variations result in an impedance change at the input of the diode. This impedance variations result in an impedance mismatch between the antenna and the rectifying element and thus, in degraded performance. Therefore, resistance compression network topologies have been considered, such as the ones in the previous section, to be used in the design of rectifier circuits. Here, the dual-band resistance compression networks are placed as the matching network located between the input of a Schottky diode and an antenna represented by a 50-source. Fig. 8(a) and (b) show the RCN1 and RCN2 topologies presented in the previous Section when applied for the design of a dual-band rectifier.
One can see that in the proposed implementations of the RCN based rectifier [ Fig. 8(a) and (b) ] there is only one output load if compared with the traditional implementations of RCN where two separate loads are used for each of the branches (Figs. 3 and  4) . However it has to be considered that in the RCN based rectifier topologies, the loads of the RCN are the Schottky diodes of the rectifier. The capacitances that are placed at the output of the rectifier isolate the two branches at RF frequencies which lead to a similar structure to the one in Figs. 3 and 4 where the loads are the complex input impedances of the diodes ( ).
The electrical behavior of the diodes can be expressed as complex impedance ( ). The formula for the calculation of derives from the analysis of the electrical behavior of the proposed structures [ Fig. 8(a) and (b) ]. Let us assume a sinusoidal input signal equal to , where is the amplitude and the frequency of the input signal [ Fig. 9(a) ]. The current through the diodes D1 and D2 as a function of the voltage across the terminals of the diodes are given by (4) and (5), respectively (4) (5) where is the thermal voltage and ( ) is the output dc voltage of the circuit, assuming that is ideal and provides a perfect RF short at the output of the diodes.
At RF frequencies the two branches of the proposed structure are isolated because of the dc capacitor at the output of the network. Considering only the behavior of a single diode at RF [ Fig. 9(b) ], the diode current ( ) can be calculated (taking into account the voltage drop across the diode that is equal to ) as (6) Taking into account the modified Bessel function series expansion, similarly to [23] and shown in (7), the current through the diode ( ) can be expressed as in (8) and then approximated by the sum of only the dc and the first harmonic contributions as in (9), (7) (8) (9) with (10) Note that the two branches of the proposed topologies [ Fig. 8(a) and (b) ] are dc coupled which affects the diode impedance. The dc equivalent circuit of the structure is shown in Fig. 9(c) . At the dc analysis, the output dc current is given by (11) The output dc voltage ( ) can be calculated by substituting (10) into (11) . The result, shown in (12) , demonstrates that depends on the amplitude of the input signal (and therefore the input power) and the output resistance ( ) (12) The RF resistance of the diode can be calculated by dividing the RF voltage difference across the diode terminals with the RF current flowing into the diode from (9) which gives (13) From (12) and (13) , one can see that the input impedance of the diode ( ) depends both on the input voltage (through the amplitude ) and the output load (through ). Considering that , the input impedance of the diode is also given by (14) (14) 
B. Design of the Dual Band RCN Based Rectifier
One of the most widely used metrics for the evaluation of the performance of rectifiers is the RF-dc conversion efficiency (15) , which is calculated as the fraction of the harvested dc power ( ) and the RF available power ( ) [24] (15)
The maximum RF-dc conversion efficiency of rectifier circuits is achieved for a specific selection of output load that varies with the frequency [14] . The design of broadband and multiband rectifier circuits implies that a compromise of the performance among the operating frequencies should be made.
A RCN based dual-band rectifier is designed to operate at and . The RCN2 topology is selected for this design, as simulation (Fig. 10) has shown that the rectifier achieved improved performance with the RCN2 [Fig. 8(b) ] topology in comparison with the RCN1 topology [ Fig. 8(a) ]. Fig. 10(a) and (b) show the performance of the rectifier versus input power level and output load, where better results are achieved using two unit cells.
In order to be able to evaluate the performance of the proposed RCN based rectifier, a dual-band rectifier based on an envelope detector topology is also designed and optimized for maximum efficiency at 915 MHz and 2.45 GHz. The design and optimization of the two rectifiers is made using a commercial simulator (Agilent ADS). A harmonic balance (HB) analysis is used along with large signal scattering parameter (LSSP) analysis for the optimization of the circuits [24] - [27] . Optimization goals are used to impose constraints on both the minimum RF-dc conversion efficiency of the circuit and the input impedance matching ( ) at and . The selected rectifying device is a low threshold Schottky diode (SMS7630) from Skyworks.
The schematic of the conventional single diode envelope detector is shown in Fig. 8(c) , while the proposed RCN based rectifier is depicted in Fig. 8(b) . The values of the unit cells are chosen in such a way that the total phase difference for each branch has opposite sign at both operating frequencies. An additional inductor ( ) is also placed as a dc path to the ground at the input of the diode [ Fig. 8(b) ].
A performance comparison of the proposed RCN based rectifier and the envelope detector is presented in Figs. 11-14 . Their performance is evaluated in terms of the simulated RF-dc conversion efficiency versus for an input power level of 0 dBm at the low operating frequency (Fig. 11) and at the high operating frequency (Fig. 12) . One can see that there is a larger range of output loads ( ) for which the RF-dc conversion efficiency remains above 50% for the case of the RCN based rectifier if compared to the envelope detector.
The RF-dc conversion efficiency versus input power level for a selected output load ( ) for both operating frequencies is also presented in Figs. 13 and 14. It can be observed that the RF-dc conversion efficiency of the proposed RCN based rectifier remains higher than 50% for a larger range of input power levels in comparison with the envelope detector rectifier. In conclusion, as it can be seen from Figs. 11-14, the proposed RCN based rectifier is less sensitive to input power and output load variations than the conventional envelope detector rectifier. Additionally the RCN rectifier shows improved performance in terms of RF-dc conversion efficiency.
The RF-dc conversion efficiency for both circuits at the two operating frequencies is also shown in Fig. 15 . One can see that the RCN based rectifier presents a flatter and higher value of RF-dc conversion efficiency versus the load resistance ( Fig. 15(a) for ). The RF-dc conversion efficiency also maintains higher values versus input power levels. The improvement in the rectifier performance is more noticeable in certain load values (Fig. 15(b) for ) and in certain frequency values (Fig. 15(c) for ) where the RF-dc conversion efficiency maintains a higher value in a larger range of input power.
It should be noted that the RCN based rectifier shows little improvement for high load values and high input power levels, which is partially attributed to the low breakdown voltage of the Fig. 11 . RF-dc conversion efficiency (%) of (a) the envelope detector rectifier and (b) the RCN based rectifier for an input power of 0 dBm at the 915 MHz band. Fig. 12 . RF-dc conversion efficiency (%) of (a) the envelope detector rectifier and (b) the RCN based rectifier for an input power of 0 dBm at the 2.45 GHz band. Fig. 13 . RF-dc conversion efficiency (%) of (a) the envelope detector rectifier and (b) the RCN based rectifier for at the 915 ΜHz band.
diode that determines its operating range and thus, the performance of the circuit. After the breakdown voltage is reached, RCN is not able to have any significant effect.
C. Final Design of the RCN Based Rectifier
In the previous Sections, the RCN based rectifier was designed using ideal lossless discrete elements. For the fabrication of the prototype, the ideal values of the lumped components had to be replaced with the models that are provided from the manufacturers. The layout of the rectifier circuit had also to be analyzed using electromagnetic (EM) simulation. A full-wave EM simulation was made for the design of the passive structure of the circuit. In order to evaluate the impact of the substrate losses and the EM analysis of the layout on the performance of the circuit, two curves with intermediate steps are included in this section.
The RF-dc conversion efficiency of the proposed ideal rectifier (whose performance has been already analyzed in Section II) is shown in Fig. 16 . One can see that the rectifier presents peak RF-dc conversion efficiency at the 915 MHz and 2.45 GHz frequency bands.
The second curve of Fig. 16 depicts how the introduction of the EM simulation affects the circuit performance. The layout of the circuit is simulated using the Agilent Momentum EM simulator and the obtained data are introduced in the circuit simulation. The capacitor was implemented as a radial stub with TABLE II  COMPONENT VALUES FOR THE FABRICATED DUAL-BAND  RCN BASED RECTIFIER width , length , and angle 45 . By introducing these data at the simulation, an additional peak is observed close to the second frequency band. Additionally, the peak efficiency at the high operating frequency band is slightly shifted to a higher frequency.
The third curve of Fig. 16 shows the performance of the rectifier with real inductor and capacitor models but without substrate losses. So far, the obtained results show that the main source of losses of the topology is due to the discrete components losses and the layout of the circuit.
Finally, the fourth curve (solid line) shows the performance of the dual-band rectifier, including losses associated with the layout, the discrete component values and the substrate material. The rectifier has reduced efficiency at the two operating frequencies in comparison with the design of the ideal rectifier as it is expected.
The simulation resulted in the component values shown in the Table II . Commercial inductors from Coilcraft and capacitors from Murata have been used for the implementation of the (1 and 2 ).
rectifier. The prototype has been fabricated on Arlon 25N substrate with height of 30 mil, relative permittivity of 3.38 and loss tangent of 0.0025. The fabricated prototype is shown in Fig. 17 . The measured results of the fabricated prototype are described in the next section, where the reduced sensitivity of the dual-band RCN based rectifier to input power and output load variations is demonstrated.
IV. EXPERIMENTAL RESULTS
The fabricated prototype is characterized in terms of RF-dc conversion efficiency versus input power levels ( ), output loads ( ) and operating frequency. The performance of the circuit is shown in Figs. 18-24 .
Initially, the RF-dc conversion efficiency of the circuit versus operating frequency for and is measured for (Fig. 18) . One can see that the high operating frequency is slightly shifted to a higher frequency value (2.5 GHz).
A comparison between the simulated and measured reflection coefficient ( ) of the RCN based rectifier for and is shown in Fig. 19 . The measured results show that the rectifier remains matched for a range of input power levels and that the measured results are in accordance with the simulation.
The measured versus operating frequency for , 2, and 2.7
for a fixed ( 15 dBm) is depicted at . In order to verify the reduced sensitivity of the RCN based rectifier to input power and output load variations, a set of additional measurements has been taken (Figs. 21-24) . The evolution of the RF-dc conversion efficiency of the proposed rectifier versus for different load values (0.51, 0.75, 1, 2, and 2.7 ) at the two operating frequencies with peak RF-dc conversion efficiency (915 MHz and 2.5 GHz) is depicted at Figs. 21 and 22, respectively. As it can be observed, the evolution of the RF-dc conversion efficiency remains flat for a wide range of input power levels for , , and . The resistance compression effect starts reducing for values greater than . However, the efficiency of the RCN based rectifier remains in high levels for a range of and degrades smoothly. In order to evaluate the performance of the rectifier at low input power levels, the measured RF-dc conversion efficiency of the rectifier is plotted versus output load for low input power levels ( 15, 10, and 5 dBm) at 915 MHz (Fig. 23 ) and 2.5 GHz (Fig. 24) . One can see that the efficiency remains nearly constant over a wide range of for low levels of harvested power.
V. CONCLUSION
In this paper, dual-band resistance compression networks have been introduced and experimentally demonstrated as part of the design of a dual-band rectifier. The operation principles of these matching networks are presented in detail. Furthermore, this work presents the design of a dual-band RCN based rectifier operating at 915 MHz and 2.45 GHz. The proposed rectifier design is compared with a conventional envelope detector showing improved RF-dc conversion efficiency and reduced sensitivity to output load and input power variations.
